Background
The gray whale (Eschrichtius robustus) is considered to consist of two stocks defined by the location of feeding and breeding grounds [1] . Western gray whales exist along the Asian Pacific coast and the Eastern gray whales populate the North American coastline, each presumably migrating to separate breeding and feeding areas [2] . The Western stock is now listed as critically endangered, whereas the Eastern stock is of least concern [3] . Both experienced population decline during the mid-Holocene [4] and were extensively harvested during commercial whaling [5, 6] . The Eastern stock now numbers approximately 27 000 individuals [6] , but the Western stock is approximately 200 individuals [7] . Satellite tagging and photo identification have revealed long-distance movements between the Western and Eastern Pacific [7, 8] , suggesting that stock structure may be more complex than a simple east -west divide [7, 8] . Presumptively neutral genetic markers have shown low differentiation between eastern and western sampling locales [9, 10] , and given the critically endangered status of the Western stock, such movements and associated gene flow could prove extremely beneficial by counteracting genetic erosion [11] .
We genotyped a panel of 95 single nucleotide polymorphisms (SNPs) using skin biopsies of gray whales from the Eastern and Western Pacific to assess genetic diversity and population structure (figure 1). We were particularly interested in whether the gene pool was geographically partitioned and if there was evidence of admixture. Our results indicate that: (i) two substocks with similar levels of functional genetic diversity exist; (ii) the pronounced differentiation within the gray whale gene pool is not predicted by simple geography; and (iii) genetic signatures indicate that some individuals were admixed.
Material and methods (a) Genetic diversity
Tissue biopsy samples were collected between 2011 and 2016 using a 150 lb draw weight compound crossbow (Barnett RC-150) with 40 mm by 7 mm internal diameter tips arrows [12] ; 77 were sampled near Sakhalin Island (Russia) summer feeding grounds and 135 near the Mexican winter breeding grounds (figure 1) [2] . Following DNA extraction, we genotyped samples using SNPs in or near genes of functional importance, including osmoregulation, thermoregulation and oxygen delivery [13] . We removed samples with more than 20% missing data and loci with more than 25% missing data before using Allelematch v. 2.5 [14] to identify potential replicate samples [15] .
Observed (H O ) and expected (H E ) heterozygosity and the inbreeding coefficient (F ) were quantified in Genodive v. 2.0b [16] . Statistical departures from equilibrium were assessed using 10 3 bootstraps. We used Demerelate [17] to calculate Blouin's genetic similarity measure (M xy ) [18] , which is independent of population size. Differences in mean M xy were assessed with a Welch two-sample t-test and Fisher's exact test was used to test for heterozygote excess or deficiency.
(b) Population structure
We used four complementary approaches to characterize genetic structure: F ST [19] , Jost's D [20] , discriminant analysis of principal components (DAPC) [21] and admixture analysis [22, 23] . Significant differentiation for the F-statistics was assessed using a log-likelihood ratio test (G) [24] . DAPC was performed in adegenet v. 2.1.0 [24] by transforming SNP data to principal components followed by discriminant analysis. Admixture analysis was conducted with LEA v. 1.6.0 [25] and Structure v. 2.3.4 [23] ; they yielded qualitatively similar results, so only the Lea results are reported. We did not purge putative siblings to avoid bias [26] . We evaluated clusters (K ) from 1 to 6 and used the Bayesian information criterion and tested the robustness of our population structure inference by subsampling data (electronic supplementary material, S1) [27] . To assess the potential of hierarchical structure, we also ran the admixture analyses for sampling locations separately.
To infer recent migration rates between the two sampling locations, we used BayesAss v. 3.0 [28] . Migrants and their recent descendants were identified based on transient disequilibrium at individual multi-locus genotypes. A Monte Carlo Markov Chain (MCMC) of length 5 Â 10 6 with sampling every 2 Â 10 3 iteration was used, with the first 10% removed as burn-in. Delta values, which describe the maximum amount that the parameters can change in each iteration, were adjusted for allele frequencies (a ¼ 0.4), migration rates (m ¼ 0.1) and inbreeding values (F ¼ 0.7) to assure an acceptance rate of 20 -60% of the total iterations for each parameter. Two different seed values were used, and the MCMCs were checked for mixing and convergence in Tracer v. 1.6.0 (http://tree. bio.ed.ac.uk/software/tracer/). We estimated effective population sizes (N e ) based on linkage disequilibrium [29] using NeEstimator v. 2.01 [30] .
Results
Of the 91 autosomal loci, 84 loci passed our quality-control criteria and Allelematch identified 166 unique genotypes (electronic supplementary material, S2) [15] . On average, each sample was genotyped at 82 loci, and the overall proportion of missing data was low (less than 0.03). Putative duplicate samples were always from the same location (e.g. east/east and west/west); thus, there were no replicate genotypes between the two sampling sites. The overall H O was 0.30 and we detected no global deviations from equilibrium using the exact test, but H rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180399
The degree of genetic differentiation between the two primary geographical sites was small (F ST ¼ 0.039; D ¼ 0.017) but significant ( p ¼ 0.001). Discriminant analysis showed that gray whales from the two sites could generally be separated, but there was some overlap in principal components ( figure 2a) . Similarly, the Lea admixture results divided the gray whales into two clusters (figure 2b; electronic supplementary material, S4); this result was confirmed by subsampling (electronic supplementary material, S5). No substructure was found within either cluster (electronic supplementary material, S6). There were putatively admixed individuals sampled from each primary geographical site, but a larger proportion was sampled from the Western Pacific (figure 2b). The Western Pacific samples had significantly ( p ¼ 2 Â 
Discussion
Gray whales that summer in the Western Pacific are of major conservation concern [2] . Previous studies [4, 9] have revealed modest genetic differences between Eastern and Western gray whales, but no obvious structure within a sampling locale. Our SNP data provide additional resolution showing that each substock is found in both the Eastern and Western Pacific ( figure 2a,b) , but we identified no further substocks. Despite the 100-fold population size difference, whales sampled from the Eastern Pacific were more homogeneous than those from the Western Pacific (figure 2a,b; electronic supplementary material, S7 and S8). This likely reflects that admixed individuals in the Western Pacific inflate the similarity index more so than in the Eastern Pacific owing to their relative frequencies (i.e. overall population sizes).
Our analyses identified admixed individuals (figure 2b) and some overlap between the two substocks (figure 2a), patterns likely driven by introgression [7, 8, 31] . Migration was most pronounced into the Western Pacific, where the two substocks were found in a ratio of 2 : 1. The high degree of gene flow (N e m ) 1) into the Western Pacific stock could be sufficient to prevent loss of genetic diversity but might eventually homogenize the gene pool. The whales from the Eastern Pacific had marginally lower heterozygosities and nominally higher inbreeding than those sampled in the Western Pacific (electronic supplementary material, S2), but these minor statistical deviations may reflect a modest ascertainment bias rather than true biological differences, given that the markers were originally developed from Western Pacific samples [13] .
Our SNP data show that despite mid-Holocene population declines [4] , commercial whaling [5, 6] and a prolonged bottleneck, the critically endangered Western gray whale is still genetically diverse at functionally important loci. These results confirm earlier microsatellite and mitochondrial DNA studies of a few presumptively neutral markers [9, 10] , but extend those data using genic SNPs that identify admixed individuals and mixed-stock aggregations on both sides of the Pacific. Overall, these data indicate that current population structure is not determined by simple geography and may be in flux owing to migratory dynamics [7, 8] . Our findings have conservation implications (e.g. how future IUCN designations are formulated), but also provide a contemporary snapshot into the evolutionary phenomenon of divergence with gene flow that appears to be an integral part of rorqual evolution [31] . rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180399
